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(Magneto-hydrodynamics, MHD) ,
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,
$E(k)=C_{K}\overline{\epsilon}^{2/3}k^{-5/3}$ (1)
, , . , $\mathrm{M}\mathrm{H}\mathrm{D}$ L
. MID $\mathrm{N}\mathrm{S}$ , 1964
Iroshnikov, 1965 Kraichnan(lroshnikov-Kraichnann : $\mathrm{I}\mathrm{K}$ ) ,
$E(k)=C_{IK}\overline{\epsilon}v_{A^{1/2}}k^{-3/2}$ (2)
. $v_{A}$ Alfv\’en . , MHD
, MHD .
, MHD , , IK
$\text{ },$ $\mathrm{N}\mathrm{S}$ Kolmogorov .
, MHD (DNS) , MHD
. , ,
. , Kolmogorov , $\mathrm{N}\mathrm{S}$ ,
, , . MUD ,




( $+v\cdot\nabla$ ) $v=- \frac{1}{\rho}\nabla p+\frac{1}{c}\dot{g}\mathrm{x}B+\nu\nabla^{2}v+f$, $\nabla\cdot v=0$ , (3)
$\partial_{t}B-\nabla \mathrm{x}(v\mathrm{x}B)=\eta\nabla^{2}B$ (4)
. , Els\"asser $Z^{\pm}=v\pm B$ , MHD
(Alfven ) $=B_{0}/\sqrt{4\pi\rho}$ (Alfv\’en ) , $B/B_{0}arrow B,$ $v/v_{A}arrow v$
$(B0\sim\langle B^{2}\rangle^{1/2})$ , (3), (4) Els\"asser MHD ,
$\partial_{t}z^{\pm}+z^{\mp}\cdot\nabla z^{\pm}=-\nabla P+\frac{1}{2}(\nu+\eta)\nabla^{2}z^{\pm}+\frac{1}{2}(\iota/-\mathcal{T}\int)\nabla^{2}z^{\mp}+f$, (5)
$\nabla\cdot Z^{\pm}=0$










$l_{0}>l_{1}>\cdots>l_{N}$ or $k_{0}<k_{1}<\cdots<k_{N}$ (6)
. , $k_{0}=k_{L}$ ( ), kN=kd( ) . , ,
$)$ , $l$ 2 $\delta v_{l}$ . 2
$l_{n},$ $l_{n+1}$ , ,





. Kolmogorov K41 $(\mathrm{K}\mathrm{o}\mathrm{l}\mathrm{m}\mathrm{o}\mathrm{g}\mathrm{o}\mathrm{r}\mathrm{o}\mathrm{v},194\mathrm{l}\mathrm{a})$ .
$\delta v_{n}^{2}\simeq E_{n}\simeq k_{n}^{k_{n+1}}E(k)dk\simeq E_{k_{n}}k_{n}$ (10)
$E(k)=C_{K}\epsilon^{2/3}k^{-5/3}$ (11)
. $\mathrm{N}\mathrm{S}$ Kolmogorov $(\mathrm{K}\mathrm{o}\mathrm{l}\mathrm{m}\mathrm{o}\mathrm{g}\mathrm{o}\mathrm{r}\mathrm{o}\mathrm{v},194\mathrm{l}\mathrm{a})$ . $C\kappa$ Kol-
mogorov .
Iroshni$\mathrm{k}\mathrm{o}\mathrm{v}$-Kraichnan(IK) scaling
MHD Alfven . Alfven , )
Al \’en , $\tau_{A}\sim l/v_{A}$ , , )
$\tau p\sim l/\delta Zt$ . , MHD Alfven
. , $\mathrm{N}\mathrm{S}$ $\eta$ ,
,
$T_{l}\sim(\tau_{l})^{2}/\tau_{A}$ (12)
. (8) $\tau_{l}arrow T_{l}$ ,
$\delta z_{l}^{4}\tau_{A}/l^{2}\sim\epsilon$ (13)
, $\mathrm{I}\mathrm{K}$ .
$\delta z_{l}\sim(\epsilon v_{A})^{1/4}l^{1/4}$ . (14)
$E_{k}=C_{IK}(\epsilon v_{A})^{1/2}k^{-3/2}$ (15)
. , MHD Iroshnikov-Kraichnan(IK) . $\epsilon$





$\tau_{l}^{-1}\sim\iota//l^{2}$ , $\tau_{l}=l/\delta v_{l}$ (16)
. (9) Kolmogorov ,
$l_{d}=(\nu^{3}/\epsilon)^{1/4}:=f_{K}$ (17)
, Kolrnogorov (Kolmogorov, 1941) . ( $\eta$ , B
$\eta$ , $l_{K}$ . )
MHD , Alfven )
$(\mathcal{T}larrow$
$T_{l}=(\tau_{l})^{2}/\tau A)$ , (16)
$T_{l}^{-1}\sim\nu/l^{2}$
$(1\mathrm{S})$
. (14) $\mathrm{I}\mathrm{K}$ MHD ) ,
$l_{d}=(\nu^{2}v_{A}/\epsilon)^{1/3}=l_{IK}$ . (19)
, $\nu\sim\eta,$ $\epsilon_{\nu}\sim\epsilon_{\eta},$ $\epsilon=\epsilon_{l/}+\epsilon_{\eta}$ .
, $\epsilon$ $v_{A}$ ,
. , $k>>k_{L}$ { , Kolmogorov
$\nu$ $\epsilon$ , $\mathrm{I}\mathrm{K}$ $\nu,$ $\epsilon$ $v_{A}$ . $\mathrm{N}\mathrm{S}$ )}
$E(k,t)=\nu^{5/4}\epsilon^{1/4}(t)\hat{E}(k)\mathrm{A}$ (20)
. $\hat{k}=kl_{K}$ . , $\iota/$ ,
$\hat{E}(\hat{k})=C_{K}\hat{k}^{-5/3}$ (21)
. , $U_{\}}$ vA $l_{IK}$ MHD
$E(k, t)=\nu vA(t)\hat{E}(\hat{k})$ (22)
, $\nu$ , $\mathrm{I}\mathrm{K}$ $\hat{E}(k)\mathrm{A}$ ,
$\hat{E}(\hat{k})=C_{IK}\hat{k}^{-3/2}$ (23)
.
MID , Kolmogorov MHD
, , $\mathrm{I}\mathrm{K}$ $\nu\sim\eta$ $\epsilon_{\nu}\sim\epsilon_{\eta}$
.
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$\mathrm{N}\mathrm{S}$ , $r$ 2 $n$ ,
. , MHD Kolmogorov , $\mathrm{I}\mathrm{K}$
, . Els\"asser $r$ 2 ,
$\delta z^{\pm}$
$($ oe, $r)=z(x+r)-z(x)$ (24)
. $r$ $\delta z_{||}^{\pm}$ \iota ,
$\delta z_{||}^{\pm}=\delta z\cdot r/r$ (25)
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. , $\delta z_{||}^{\pm}$ $p$ , $p$ .
$S_{p}.(r)=<|\delta z_{||}^{\pm}|^{p}>$ . (26)
, I ,
$S_{p}(r)\propto r^{\zeta_{p}}$ (27)
. $\zeta_{\mathrm{p}}$ , ,
.
$\zeta_{p}=\frac{d\log S_{\mathrm{p}}(r)}{d\log r}$ . (28)
, Kolmogorov $\delta z\sim r^{1/3},$ $\mathrm{I}\mathrm{K}$ $\delta z\sim r^{1/4}$
,
$\zeta_{\mathrm{p}}$ $\sim$ $p/3$ (Kolmogorov) (29)
$\zeta_{p}$ $\sim$ $p/4$ (Iroshnikov-Kraichnan) (30)
, , .
MHD 4/3
– $\mathrm{N}\mathrm{S}$ , 3
$S_{3}(r)=<( \delta v_{||})^{3}>=-\frac{4}{5}\overline{\epsilon}r$ (31)
. Kolmogorov 4/5 , .
MHD .
4 $\pm$
$<\delta z_{||}^{\mp}\delta z_{i}^{\pm}\delta z_{i}^{\pm}>=-\epsilon\overline{3}r$ . (32)
\mbox{\boldmath $\delta$}z+\sim \mbox{\boldmath $\delta$}z- , $\nu=\eta$ , (Politano and $\mathrm{P}\mathrm{o}\mathrm{u}\mathrm{q}\mathrm{u}\mathrm{e}\mathrm{t},199\mathrm{S}\mathrm{b}$ ) (32)
, Kolmogorov $(\delta z\sim r^{1/3})$ , Alfv\’en
$\mathrm{I}\mathrm{K}$ $(\delta z\sim r^{1/4})$ .
24
MHD
$( \frac{\partial}{\partial t}+(\nu+\eta)k^{2})E^{T}(k, t)+(\nu-\eta)k^{2}E^{R}(k,t)$





$\langle z_{i}^{+}(-k)z_{l}^{-}(p)z_{m}^{+}(q)\rangle+\langle z_{i}^{-}(-k)z_{l}^{+}(p)z_{m}^{-}(q)\rangle\}dpdq\ovalbox{\tt\small REJECT}$ (35)
( $\text{ }-$ ) , . $\triangle_{k}$ $k=p+q$
$p,$ $q$ .
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( $\text{ }-$ ) $\mathrm{T}\mathrm{J}^{T}(k, t)$ , $T^{T}(k, t)$ $k$
$\Pi^{T}(k, t)=\oint_{k}^{\infty}T(k’, t)dk’=-\oint_{0}^{k}T(k’, t)dk’$ (36)
. $\Pi^{T}(k, t)$ $k$ $\grave{t}R\text{ ^{}\prime}$
$\mathrm{g}^{\backslash }$ {J^); $\#_{\acute{\grave{\grave{\mathrm{b}}}}\backslash }\equiv\ovalbox{\tt\small REJECT}$ .
Komogorov K41 $\text{ _{}\mathrm{n}\mathrm{f}\mathrm{f}\mathrm{l}}^{\equivarrow}$ $\mathrm{N}\mathrm{S}$ , , \Pi \rightarrow o\not\in
$\not\in \mathrm{f}\mathrm{l}|\grave{1}\underline{\neq\backslash }$
. MHD ,
, $\text{ }-$ , .
, $\Pi^{T}(k)$ , $(k, p, q)$
$\alpha$ ,
$\alpha\equiv\frac{\max(k,p,q)}{\min(k,p,q)}$ . (37)
(35) $S(k,p\}q)$ $\alpha$ $\text{ }\ovalbox{\tt\small REJECT}_{\backslash }$ $7\ovalbox{\tt\small REJECT} \text{ }\hat{S}(k,p, q, \alpha)$
$\mathfrak{j}_{\mathit{1}}\mathrm{y},$
$\alpha$
$\alpha+d\alpha$ $\grave{7}R\backslash \text{ }$
(k) $W(\alpha^{\mathrm{t}},d\alpha/\alpha$
$\Pi^{T}(k)$ $=$ $\int_{k}^{\infty}dk’\int\int_{\triangle_{k’}}S(k’,p, q)dpdq$
$=$ $I_{1}^{\infty} \frac{d\alpha}{\alpha}\int_{k}^{\infty}dk’\oint\int_{\triangle_{k’}}\hat{S}(k’,p, q, \alpha)dpdq$
$=$ $\oint_{1}^{\infty}W(\alpha)\frac{d\alpha}{\alpha}$
$(3\mathrm{S})$
$W(\alpha)$ $=$ $\int_{k}^{\infty}dk’\int\int_{\triangle_{k’}}\hat{S}(k’,p, q, \alpha)dpdq$ (39)
. . , $\hat{p}(p$
$\Delta p$ ) Els\"asser $\hat{z}^{\pm}(p)$ .











, $\hat{p}_{n}$ $[\sqrt{p_{n-1}p_{n}}]+0.5\leq p<[\sqrt{p_{n}p_{n+1}}]+0.5$ ( $[x]$ , $x$
$\rangle$
. $g(n)$ , , $\triangle p=1$ , $\Delta p$
.
, 2 $\hat{p},\hat{q}$ .








, $W(\hat{k}, \alpha)$ .
3
, MHD $\dot{\text{ }}$ Table I . $p\sim\rho v^{2}/2$
, $\beta$ $(\beta=8\pi p/B^{2})$ runA $\beta\sim 6,$ runB $\beta\sim 5$ . $\beta$
, , $\beta\gg 1$ , $\mathrm{N}\mathrm{S}$
. , , runA, runB ,
.
3.1
Fig.l runA , 18 $6\leq m[perp]_{av}\leq 22.3$ $E^{K}(k)$ ,
$E^{M}(k)$ , $E^{T}(k)$ , , Fig 2 runB ,





Fig 3 runA, runB ) , Kolmogorov )1/
, Fig 4 Iroshnikov-Kraichnan(IK) .
, $R_{\lambda}\sim 92$ , . $R_{\lambda}\sim 162$ ,
Fig 4 $007\leq kl_{IK}\leq 0.2$ . , Fig 4 , $\mathrm{I}\mathrm{K}$ ,
dissipation range , , $\mathrm{N}\mathrm{S}$ ,
, ,
. , Fig 3 , $008\leq k\eta\leq 0.2$ ,
, . $0.08\leq k\eta\leq 0.2$




, , runB 2 ,
3 4 .
2 , 3 , 4 $\zeta_{p}$ $20\leq r/r_{k}\leq 70$ ,
TableII . , Tablell Fig 5 . Fig 5 $\zeta_{p}$ $20\leq r/r_{k}\leq 70$
, . , runB Kolmogorov
) $\mathrm{s}$ , $\zeta_{p}\sim p/3$ ( , Iroshnikov-Kraichn an ) $\mathrm{t}/$
, $\zeta_{p}\sim p/4$ .
Fig 5 , , Iroshnikov-Kraichnan )1/ , Kol-
mogorov . , , MHD $\text{ }-$
, $E^{T}(k)\sim k^{-5/3}$ . ,
, $\beta$ 1 , , $\text{ },$ $\mathrm{N}\mathrm{S}$




Fig 6 MHD 3 , runA runB
. $\langle\delta z_{||}^{-}\delta z_{i}^{+}\delta z_{i}^{+}\rangle$ $\epsilon r$ , a (32) , $\{\ovalbox{\tt\small REJECT}$
4/3 .
, $r$ $r^{2}$ , $R_{\lambda}$ 107 179 ,
4/3 , , $R_{\lambda}=179$
$\text{ }\#^{\pm}\varpi$ (32) )
. , (32) $\mathrm{A}\prime \mathrm{f}\mathrm{f}\mathrm{l}\text{ }$ , Kolmogorov . ,
$\beta>1$ , Kolmogorov . ,
MHD , (32) .
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RunE Fig 7 , $\text{ }-$
Fig 8 , Fig 7 ’mffl , $\Pi(k)$ \epsilon - . , $\Pi(k)\approx$
, Fig 7 1 . , Fig 8 $\text{ }-$
$k^{-5/3}$ .
Fig 7 , . Fig 7 $4\leq k\leq 7$ ,
5/3 , Fig 8 $4\leq k\leq 7$ ,
. , $\Pi(k)$ Kolmogorov .
Fig.7 $\Pi(k)$ , $8.5\leq k<9.5,11.5\leq k<13.5,18.5\leq k<22.5$ 3 ,
$W(\alpha)$ . semi-log Fig 9 , log-log
Fig 10 . , ,
. , , $\alpha=2$
, MHD , $\mathrm{N}\mathrm{S}$ Kolmogorov K41
, 2 ,
.
, Fig 9, Fig 10 $8.5\leq k<9.5$ , $\mathrm{N}\mathrm{S}$ DNS
Fig 11 (semi-log ), Fig 12 $\langle$log-log $\text{ }$ ) . Fig.11, Fig 12 , MHD
$\mathrm{N}\mathrm{S}$
$\alpha$ , . , MHD
, $\mathrm{N}\mathrm{S}$ . ,
$\beta\gg 1$ , MHD $\mathrm{N}\mathrm{S}$ .
, $\mathrm{M}\mathrm{H}\mathrm{D}$ $R_{\lambda}\approx 180$ , $\mathrm{N}\mathrm{S}$ $R_{\lambda}\approx 400$ , MHD $\mathrm{N}\mathrm{S}$
, $W(\alpha)$ , , $R_{\lambda}$ .
MHD $R_{\lambda}$ , $\beta$ .
4
$R_{\lambda}$ , . ,
$E^{T}(k)$ , Kolmogorov ) $\mathrm{s}$ , Iroshnikov-Kraichnan )1/
. , Kolmogorov
. , $\beta\gg 1$ , , $\mathrm{N}\mathrm{S}$
, Kolmogorov . , ,
.
, , $W(\alpha)$ , MHD
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, $\mathrm{N}\mathrm{S}$ $W(\alpha)$ , MHD
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Table $\mathrm{I}$ : Summary of runs with $PrM=\nu/\eta=1$ and forcing at $\sqrt{3}\leq k\leq 2\sqrt{3}$. $\nu$ : kinematic viscosity, $k_{\max}$ :
maximum $\underline{\underline{\mathrm{w}\mathrm{a}\mathrm{v}\mathrm{e}\mathrm{n}\mathrm{u}\mathrm{m}\mathrm{b}\mathrm{e}\mathrm{r},R_{\lambda}.\cdot \mathrm{T}\mathrm{h}\mathrm{e}\mathrm{T}\mathrm{a}\mathrm{y}1\mathrm{o}\mathrm{r}\mathrm{m}\mathrm{i}\mathrm{c}\mathrm{r}\mathrm{o}\mathrm{s}\mathrm{c}\mathrm{a}1\mathrm{e}\mathrm{R}\mathrm{e}\mathrm{y}\mathrm{n}\mathrm{o}1\mathrm{d}\mathrm{s}\mathrm{n}\mathrm{u}\mathrm{m}\mathrm{b}\mathrm{e}\mathrm{r}.}}$
run Resolution $k_{\max}$ $\triangle t$ $R_{\lambda}$ $E^{K}$ $E^{M}$
$\frac{\nu\epsilon_{\iota/}\epsilon_{\eta}}{\mathrm{A}128^{3}607.00\mathrm{x}10^{-3}5.0\mathrm{x}10^{-3}925.180.841.481.99}$




3 0997 $\pm 0.008$ l.Oll $\pm 0.008$
4 1205 $\pm 0.009$ $1.239\pm 0.006$
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$\tilde{\iota}.v\prec\wedge$





Fig. 3: Compensated total energy spectrum
$\hat{k}^{5/3}\hat{E}(\hat{k})$ in Kolmogorov scale.
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Fig. 5: Scaling exponents of the structure func-
tions. : $\zeta_{\mathrm{p}}$
$\check{\mathrm{h}\mathfrak{j}}\sim\wedge$






Fig. 4: Compensated total energy spectrum


















Fig. 7: Total energy flux $\mathrm{f}\mathrm{n}\mathrm{u}\mathrm{n}\mathrm{c},\mathrm{t}\mathrm{i}\mathrm{o}\mathrm{n}$ : $\pi^{T}(k)$
Fig. 9: Local total energy flux functions ob-
tained from MHD turbulence $W^{T}(\alpha),$ $R_{\lambda}\approx$
1SO(semi-log plot)
Fig. 11: Comparison of energy flux functions




Fig. 8: Total energy spectra $E^{T}(k)$ multi-
plied by $k^{5/3}$
Fig. 10: Local total energy flux functions ob-
tained from MHD turbulence $W^{T}(\alpha),$ $R_{\lambda}\approx$
$180$ ( $\log-\log$ plot)
Fig. 12: Comparison of energy flux functions
obtained from MHD turbulence and hydro
dynamic turbulence. (log-log plot)
